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INTRODUCTION

During the last few years much interest has been shown in the de-
velopment of small, lightweight,electrical-power generating systems
using nuclear heat as the source of energy. Stationary nuclear-electric
powerplants would ﬁe used in remote areas and more advanced systems would
be used in space flight.

Power levels for space applications range from less thean a kilowatt
for auxiliary power to the megawatt level for propulsion of manned
space vehicles. The nature of these applications demands reliable,
unattended operation for as long as & few years.

The conversion of nuclear energy to electrical power can be at-
tained indirectly by turbine-generator units, operating in a closed
thermodynamic gas or vapor cycle. Heat is added to the working sub-
stance from the energy source and waste heat is rejected from the work-
ing fluid by radiation to the space environment. The Rankine vapor
cycle using an alkali metal as the working fluid is promising for use in a

manned space power systpm N
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Current engineering knowledge and practice and forseeable advances
in basic and applied engineering indicate that alkali-metal systems ex-
hibiting long-term reliability at temperatures as high as 2200° F will
be .emong the first generation of manned space power systems. A great
effort is now underway to rapidly advance the technology of liquid metals
for use at these higher temperatures. Experimental work is proceeding
to (1) develop new materials of construction and fabrication techniques
compatible with the alkali metals; (2) investigate the phenomena as-
sociated with heat transfer to the alkali metals during vaporization
and condensation; (3) develop durable and efficient rotating components;
and (4) investigate system control and general operational problems by
the operation of pilot facilities.

This paper is a summary of the design and initial operational per-
formance of a pilot facility using sodium as the working substance. The
forced circulation, liquid-vapor, alkali-metal system consists of two
main  intercomnected processes. The primary system is used to investi-
gate the feasibility of generating saturated metallic vapor by the flash
vaporization of compressed liquid sodium and subsequent separation of
the saturated phases. Particular interest is directed to possible
process instabilities introduced by the large variation of vapor pres-
sure with temperature of the alkali metals. The secondary system is
used to study the expansion and flow characteristics of saturated sodium
vapor. The vapor is passed through a nozzle to obtain critical weight-~
flow information and to study the expansion process of metallic vapors.

Such information is of both theoretical and practical interest in the
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design and operation of vapor turbines. The facility provides a dynamic
system for the evaluation of instrumentation components. From such an
operation, component and general process reliability and durability data
“
are also obtained.
DESCRIPTION OF SYSTEM
Thermodynamic Cycle and Criteria of Design

The thermodynamic cycle of the sodium flash-vaporization process is
shown on the enthalpy-entropy diagram in figure 1. Figure 2 is a sche-
matic drawing of the system that indicates the major components and pesk
design parameters. Thermodynamic processes are bounded by the noted
state points.

The process is designed to circulate up to 50 gallons per minute
(19, 000 lb/hr) of molten sodium in the primary system. Saturated liquid
from a liquid-vapor separator at temperatures up to 1620° F (15 psia)
is compressed and passed through the main heater where s maximum of
150 kilowatts of power is added to the sodium by electrical resistance
heating, which simulates thermal energy from a nuclear source. Eighty-
five percent of the heat is generated directly in the liquid by im-
pressing up to 18 volts and 10,000 amperes single-phase alternating cur-
rent to the main heater pipe. Maximum sodium temperature at peask design
is 1700° F, state 1. A concentric orifice located at the outlet of the
hester allows compression of the liquid sodium to suppress boiling within
the heater. Decompression of the liquid, due to flow through the orifice,
allows fractional flash vaporization, and the two-phase mixture, state 2,

flows to the separator. Up to 300 pounds per hour of saturated vapor
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from the separator, staté 3, is expanded through a convergent nozzle
(wvhich simulates a turbine and limits the sodium-vapor mass-flow rate)
to state 4. In the vapor chamber the velocity head is converted to
enthalpy and superheated vapor results, state 5. Desuperheating and
condensing in the air-cooled condenser provides saturated liquid,
state 6. Heat losses from the accumulator results in slightly sub-
cooled condensate, state 6'. The condensate is compressed by the
secondary pump to state 7 and mixed with the saturated liquid from the
separator, state 3', which results in a slightly subcooled liquid,
state 8. Compressed liquid from the primary pump at state 9 is heated
prior to flashing from state 1 to complete the cycle. During opera-
tion the system contains 200 pounds of sodium.
Mechanical

The two-phase sodium facility is composed of three process sub;
systems: (1) primary system, (2) secondary system, and (3) oxide con-
trol and indicating system as shown schematically in figure 2. An iso-
metric drawing is shown in figure 3. All piping is AIST type 316, seam-
less, stainless steel, schedule 40, with butt-welded joints. The ves-
sels are fabricated firom pipe sections with ASME butt-welded closures.
Packless, bellows sealed valves are used in the system. All welds are
made by the tungsten inert arc process and are dye penetrant and radio-
graphically inspected. The entire facility is helium-mass spectrometer
leak-checked to ensure leak tightness.

All vessels and the tee connecting the primary and secondary systems
are anchored to the supporting framework. Steel cables support the pip-

ing, and adjustable spring-loaded cables support the pumps and valve
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actuators. All process piping and vessels are covered with 5 inches of
thermal insulation.

The separator 1s 14 inches in diameter by 48 inches long. An in-
ventory of 1 cubic foot of liquid is maintained in the hot well of the
vessel to provide suction head for the primary pump. The liquid ef-
fluent from the separator passes through Z%finch- pipe and is combined
with condensate from the secondary system. The rate of flow is measured
by the primary magnetic flowmeter. The flow is compressed by a two-
stage electromagnetic conduction pump and is passed through 2]2-'-inch pipe
to the main heater. The heater is a 40-foot length of l%-inch pipe
coiled as shown in figure 3. The electrical taps located at the center
of the heater serve as a common junction for the top and bottom halves
of the heater, which are connected as a parallel electrical circuit.
From the heater the sodium flows through an orifice into a 10-foot
length of 4-inch pipe where flashing occurs; from thére the mixture
passes to the separator.

The vapor outlet from the separator is a short length of 4 inch
pipe filled with wire mesh, which serves as a demister. From the de-
mister vapor flows through 3~inch pipe to a convergent nozzle with a
0. 775=inch-diameter throat. The nozzle effluent flows directly into
the vapor chamber, which is 12 inches in diameter and 18 inches long.
This vessel is provided for mounting erosion specimens or research
vehicies to be tested ln a vapor environment. Threc-inch pipe passes
the vapors to the air-cooled condensern which consists of eight U-shaped

loops of 1-inch finned tubing that connect the horizontal 3-inech headers.
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One-half inch pipe drains the saturated condensate from the condenser

to the accumilator, which is 12 inches in diameter by 30 inches long.
Liquid from the accumulator is compressed by an electromagnetic pump and
measured by the secondary magnetic flowmeter. The secondary flow is
Joined with the separstor liquid effluent in a 2%—inch tee.

The oxide control and indicating system is designed to remove sodium
oxide from the system by both a "hot trap" and a "cold trap” and to
measure the concentration of the oxide by a plugging valve. The cor-
rosion of containment materials by liquid metals is dependent to a great
degree on the metal oxide concentration of the liquid. It is desirsble
that the sodium be completely free of sodium oxide, however; a practical
operating limit is to maintain an oxide level below 50 parts per million.
Cold trapping of sodium oxide in sodium is based on the solubility-
temperature relation. The forced-circulation cold trap used in this
system consists of diverting sbout 2 gallons per minute from the dis-
charge of the primary pump through an economizer and hence to & cooler.
The temperature of the cooler effluent is gradually decreased and passed
into the cold trap (a 30 1in.-length of 8 in.-pipe packed with stain-
less steel wire mesh) where the excess oxides are precipitated and re-
tained. The sodium is passed through the economizer and returned to
the inlet of the pump. The discharge from the cooler can be diverted
to the plugging indicator (a packless bellows sealed valve with a ser-
rated plug). When the solubility limit of the oxide is reached, the pre-
cipitate plugs the serrations in the velve which, is indicated by a

sharp decrease in flow. The temperature of the stream when plugging




occurs is taken to be the oxide saturation temperature. Reference 1
and 2 contain further discussion of cold trapping methods and contain
sodium oxide solubility curves. A continuous drag stream of sodium is
passed through a l4-inch length of 3-inch pipe filled with titaniwm
crystals. At temperatures above 1200° F the sodium oxide is chemically
reduced as it flows through the hot trap.

Electrical

The power system to the main heater consists of (1) an oil im-
mersed contactor, (2) a saturable core reactor and masgnetic amplifier,
(3) a 240 kilovolt-ampere, 2400/24 volt transformer, and (4) copper
buses that intercomnect the transformer to the stainless steel buses
welded to the main heater.

The auxiliary power system consists of (1) a single-phase, two-
pole, 2400 volt load interrupter, (2) a 100 kilovolt-ampere, 2400/480/240
volt transformer, and (3) a power distribution center. The power center
provides 480 volts of power for the primary electromagnetic pump and

240 volts of power for the secondary pump, blowers, and the system pre-
heaters.

Since sodium has a melting point of 208° F, the entire facility
must be preheated prior to the introduction of molten sodium from the
sump. A network of sheathed resistance heaters provides 25 kilowatts
of'p0Wer for preheating.

Instrumentation

Power to the main heater and cooling of the condenser are controlled
by conventional recorder-controllers operating on instream thermocouples.
The primary flow rate is controlled by manually positioning the auto-

transformer in the pump power supply.
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Chromel-Alumel thermocouples are used to measure system tempera-
tures. Surface-mounted thermocouples are used for monitoring the system
during preheating; those used for controlling and monitoring the process
are located in instream wells.

Process pressures are measured by null balance, bellows-type trans-
mitters. An inferential-type gage is used to measure pressures below
1000 microns of mercury. The liquid levels in the separator and the ac-
cumulator are measured by radiation emitted by cesium 137.

Power to the main heater and pumps is monitored by recording and
indicating instruments.

The system is equipped with devices that give an alarm or ini-
tiate a control action, or both in the event of faulty process condi-
tions, such as high pressure, high temperature, and a failure in the
process piping.

OPERATION

Prior to initial charging of sodium, the facility was preheated to
800° F and outgassed for 48 hours by continuous evacuation. Thereafter
during shutdown periods the system is pressurized with high purity
argon gas.

During a conventional startup the system is preheated to 300° to
600° F during the evacuation of the argon cover gas to 25 to 50 microns
Pressure. The system is isolated from the sump vessel by closing the
equallizing line valve. Argon gas is used to pressurize
the sump vessel, and 200 pounds of sodium is forced through the sump

valve to the process system.
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After the desired primary flow rate 1s established by positioning
the autotransformer of the primary pump, the main heater temperature
is raised to 800° F. An oxide concentration of less than 50 parts
per million is established by cold trapping. The plugging-indicator
valve is used periodically to determine the oxide saturation tempera-
ture. The heater outlet tempersture is increased 2° to 4° F per minute
until the desired temperature is esteblished. The flow of vaepor from
the separator to the condenser heats the process piping above the pre-
heat temperature, at which time the line heaters are deenergized. When
a temperature of 1000° F is attained in the condenser, the condenser
temperature controller is activated. The secondary pump is used to
maintain the desired liquid lewvel in the separator.

Steady-State Data

Typical steady-state data obtailned over the full range of operating
severities are listed in table I. Data for each run were recorded
after 2 to 10 hours of steady operatlion. Data are shown for heater out-
let temperatures to 1700° ¥, condensation temperatures to 1495° F, and
primary liquid flow rates as great as 18,800 pounds per hour., Measured
rates of vapor generation are listed as secondary flow rates. The
listed heater outlet, separator, and condenser temperatures are averages
of dual measurements. Pressure date are not listed because of the unrelia-
bility of the transmitters. Electrical power data are presented as

measured at the secondary bus of the 240kilovoll-ampere lransformer.
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Critical Rates of Vapor Flow
Theoretical eritical rates of vapor flow through the convergent
nozzle were celculated considering two expansion processes through the
nozzle: (1) equilibrium expansion, and (2) supersaturated expansion.
Thermodynamic data from reference 3 were used. The calculations are
for an isentropic process, and the vapor is assumed to behave as an
ideal gas.

Equilibrium expansion. - During an equilibrium expansion of a

vapor below the saturated state, condensation progresses continuously,
and phase equilibrium exists throughout the expansion process. Here it
is assumed that chemical eguilibrium between the monatomic and diatomic
species of vaporous sodium also exists.

The critlcal weight flow rate per unit area 1s determined from
the continulty equation

w

Ax

At any inlet pressure Pz, various pressure ratios Px/PS ere assumed

o |

(1)

and the corresponding values of Vy/vy calculated. A plot of Vy/ V%
against px/p3 determines the maximum (critical)mass flow rate.
The velocity of the expanding vapor, neglecting inlet wvelocity, is
calculated from
Vg = [chJ(hg,:z, - hxﬂ 1/2 (2)
where the enthalpy at state x 1s determined from
hy = yxhg, x + (1 - Yx)hf,x (3)

and the quality y is obtained from

Sz = Sy = ¥xSg,x T (1 - yx)sf,x (4)
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The specific volume is calculated from

= ¥xVg,x * (1 - ¥x)ve, x (5)
The results are presented as pounds per hour per square inch in figure 4,
curve 1, as a function of inlet pressure pz. The data are described

by

W
8¢

Supersaturation expansion. - Actual condensation during expansion

may be delayed antl cause the sodium vapor to be in a metastable or super-
saturated state. In this state the vapor is more dense than when in
equilibrium at the same pressure. Expansion in this state results in a
lower velocity; however, the fractional increase in density is greater
than the decrease in veloclity and a greater rate of flow results than
for an equilibrium expansion. It is assumed that supersaturation con-
tinues beyond the throat of the nozzle.

In the supersaturated case, it is further assumed that the expan-
sion proceeds too rapidly to allow any change in the chemical associa-
tlion of the vapor species, and that throughout the expansion process the
molecular weight of the vapor is unchanged from the initial state point.

The ideal weight flow for the supersaturation expansion can be
shown to be

1/2

2 1
Wg fa gchp3z ,}Pxn /Px n\

HE Ry

—~
~l
~
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where the expansion is assumed to follow
pv® = Constant (8)
Lack of knowledge of the polytropic constant for sodium vapor necessitates
treating the expansion as isentropic and assuming ideal gas behavior.
The isentropic constant k is calculated from the specific heat

data for monatomic and diatomic vapor from reference 3, by

Co,m = (L - x)cp,Nal + xCp Ne, (9)
Cy,m = Cp,m - R (10)

C m
k = 228 (11)

Cv,m

The isentropic constant k for the temperature range of interest here
(1300° to 1600° F) varles from 1.56 to 1.53. Using a value of 1.55 the
critical pressure ratio can be determined by

k

k-1
Pe 2
s (—k ; 1) (12)

By using the ideal gas law, equation (7) reduces to

1/2
Vs My, 3
g = 368 p5<—-*—T3 (13)

The mean molecular welght varies from 25.9 to 26.9 over the temperature
range of Interest, and (Mm,s/T3)l/2 varies from 0.121 to 0.114. Using

a mean value of 0.118 equation (13) reduces to,

w , .
== 43.4 p3, 1b/(br/sq in.) (14)



- 13 -

This equation is plotted in figure 4, curve 2.

Fxperimental critical vapor flow rates. - From the data in table I

and enthalpy data, the vapors generated by the flashing process can be

calculated by

hy - hp =

Wo = JoW, = ( )w (15)
s = Y2'p " \hg 3 - by 5/'P

The calculated secondary flow rates are listed in table TI. Also listed

is the nozzle inlet pressure pgz ;nd.the ratio of the condenser (or
receiving pressure) and the nozzle inlet pressure p6/p3. The follow-
ing equation from reference 3 was used to calculate the vapor pressures
from temperature data from table I:

8718. 30

loglo P = 5.:53105 - T—_—m

(1s)

With the exhaust or receiving pressures equal to or less than the pres-
sure needed to establish critical flow the rate of flow for the fixed
area nozzle is determined by the temperature and pressure at the noz-
zle inlet.. The:pressure ratios for runs 10,11, and 15 are substantially
greater than the nominal 0.5 assumed to be the upper limit for critical
flow. With the exclusion of these three runs,the data are plotted as
curve 3 in figure 4.

The data are fitted with the curve

WS
C

winere {he lowest nozzle iniet pressure is 2.5 pounds per square inch
absolute (1321° F), | | |

The measured flow rates cérresponding to the same runs are listed

in table IT and plotted in figure 4, curve 4.
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Accuracy of experimental results. - Vapor flow rates calculated from

equation (15) indicate a flow of 5l.46 pounds per hour per square inch
at zero nozzle inlet pressure. This is attributed to errors in temper-
ature and primary flow measurements. In addition, error is introduced
by questionable enthalpy values, particularly for the vapor phase, which
depends on the degree of chemical association.

Sodium vapor, as do the vapors of all the alkalil metals, polymerizes
to form, presumably, the dimer. The heat of reaction for the dimerization
of vaporous sodium

2Naj (v) 2 Nap(vy) (18)
is not accurately known. Thomson and Garelis (3) in their extensive
thermodynamic analysis of the reaction used a value of -AHS = 32,739
Btu per pound mole of dimeric sodium vapor. In their anslysisg the
thermodynamic function (F° - HR)/T for monatomic and diatomic vapor as
calculated by Benton and Inatomi (4) was used. The free energy of
dimerization is expressed as |

AFC = A(FC - Hg) + AH‘O’ (19)

and the equilibrium constant Ky 1s obtained from

o
Ky = eF /BT (20)
and the mole fraction of the species in the equilibrium mixture can be
obtained from

xP

[(1 - x)P)2

Kp = (21)

where x 1is the fraction dimer and P 1is the total pressure of the
equilibrium mixture. Sodium vapor is assumed to behave ideally. At

the normal boiling point (1620° F) the analysis indicates 17 mole
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percent dimer, which corresponds to a heat of vaporization to the equi-
librium mixture of 1614 Btu per pound. The heat of vaporization to
monatomic sodium at 1620° F is 1832 Btu per pound. Hence, errors in
the heat of dimerization and therefore in enthalpy of the vapor phase
can introduce substantial error in rates of flow calculated by energy
balance.

The measured rates of flow were obtained by calculating the vol-
umetric flow from the millivolt output of the magnetic flowmeter by
methods described in references 2 and 5 and converting to weight flow
using liquid density data. ZErrors inherent in the calculations and
poor control of the liquid level in the accumulator also preclude
definite conclusions concerning the critical rates of flow. Entrain-
ment caleulations using the method of Langmuir and Blodgett (6) indi-
cate no liquid carryover from the separator; however, due to the lack
of a reliable calorimeter and confirmed vapor properties, this cannot
be substantiated.

It is apparent that proper investigation of the expansion process
of alkali~metal vapors, during restricted as well as critical flow con-
ditions, must be made by directly obtaining reliasble and accurate pres-
sure measurements in a convergent-divergent nozzle and accurate measure-
ments of mass flow. Such data with proper analysis will give valuable
insight to the effect of the dimerization reaction, supersaturation,
and unusual general properties of the metallic vapors in an expansion

process.
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CONCLUDING REMARKS

The initial operation of the system as discussed here is indicative
of the capabilities of the process. Stable system performance was at-
tainable throughout the range of design parameters.

The vapor mass rates of flow through the convergent nozzle as de-
termined by heat balances differ greatly from direct measurements of the
condensate. The errors inherent in both methods of determing critical
flow rates preclude definite coneclusions; however, the eritical flow
rate is best approximated by a supersaturation expansion assuming ideal
gas behavior.

Errors in research data and process control difficulties have been
defined and serve asabasis for a separate program to develop instrumenta-
tion components for high-temperature two-phase alkali metal systems.

Additional process information and further description of the
mechanical and instrumentation aspects of the system are given in refer-

ence 7.
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NOTATIONS
flow area, sq ft
flow area, sq in.
molal specific heat at constant pressure, Btu/(lb-mole)(°R)
molal specific heat at constant volume, Btu/(1lb-mole)(°R)
change in standard free energy, Btu/(lb-mole)
conversion constant, 4.17x10° (1by-£t)/(1bp-hr?)
hypothetical heat of dimerization at absolute zero temperature,
Btu/(1lb-mole)
specific enthalpy, Btu/lb
mechanical equivalent of heat, 778 ft-1b/Btu
equilibrium constant
isentropic process constant for a perfect gas, Cp/Cv
molecular weight
polytroplc process constant
total absolute pressure, atm
total absolute pressure, psia
gas constant, Btu/(lb-mole)(CR)
specific entropy, Btu/(1b)(°R)
temperature, °R
velocity, ft/hr

specific volume, cu ft/lb

1 ~r 1
W ht fluw, lU/}JJ.

mole fraction diatomic sodium

quality, 1b vapor/lb mixture
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Subsecripts:

c critical value

T saturated liquid

g saturated vapor

m mixture

P primary system

s secondary system

v vapor

x varigble state point in vapor nozzle

1 %to 9 station locations as noted in figure 2
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TABLE II. - VAPOR GENERATION RATES

Run Vapor rate, Nozzle in- | Pressure
(1b)/(nr/sq in.) let pres- ratio,
sure, Ps/ Pz
Calculated | Measured Pz,
from en~ psia
thalpy
balance
1 162 129 2.49 0.40
2 184 129 3.36 «30
3 212 145 3.57 .42
4 338 244 5.95 .52
5 287 229 5.51 - 56
6 3389 318 7.39 .41
7 343 296 7.02 .43
8 370 351 7.48 .41
9 402 350 7.61 .55
10 368 293 7.44 .70
11 390 331 9.51 .79
12 478 516 10.61 .39
13 493 537 9.99 .31
14 544 618 10.78 .27
15 504 452 10.95 .64
16 522 635 11.19 .37
17 539 611 11.01 .27
18 566 720 11.67 .26
19 644 730 13.29 .31
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Figure 3. - Isometric of sodium flash vaporization facility.



E-1835

wg/a., VAPOR CRITICAL WEIGHT FLOW RATE, LBS/HR/IN?

800—

700—

600—

S00—

400—

300—

200

CURVE /
| EQUILIBRIUM EXPANSION, ! A
CALCULATED A/

2 SUPERSATURATED EXPANSION, /
CALCULATED A// 3
3 CALCULATED FROM AA,

EXPERIMENTAL DATA O / 2
4L MEASURED A b /l

I | I | | | J

2 4 6 8 10 12 14
ps, NOZZLE INLET PRESSURE, PSIA

Figure 4. - Variation of vapor critical flow rate with nozzle
inlet pressure.
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